One milliliter of culture containing a five-strain mixture of Escherichia coli O157:H7 (ϳ10 10 CFU) was inoculated on a 100-cm 2 area marked on unscarred cutting boards. Following inoculation, the boards were air-dried under a laminar flow hood for 1 h, immersed in 2 liters of electrolyzed oxidizing water or sterile deionized water at 23ЊC or 35ЊC for 10 or 20 min; 45ЊC for 5 or 10 min; or 55ЊC for 5 min. After each temperature-time combination, the surviving population of the pathogen on cutting boards and in soaking water was determined. Soaking of inoculated cutting boards in electrolyzed oxidizing water reduced E. coli O157:H7 populations by Ն5.0 log CFU/100 cm 2 on cutting boards. However, immersion of cutting boards in deionized water decreased the pathogen count only by 1.0 to 1.5 log CFU/100 cm 2 . Treatment of cutting boards inoculated with Listeria monocytogenes in electrolyzed oxidizing water at selected temperature-time combinations (23ЊC for 20 min, 35ЊC for 10 min, and 45ЊC for 10 min) substantially reduced the populations of L. monocytogenes in comparison to the counts recovered from the boards immersed in deionized water. E. coli O157:H7 and L. monocytogenes were not detected in electrolyzed oxidizing water after soaking treatment, whereas the pathogens survived in the deionized water used for soaking the cutting boards. This study revealed that immersion of kitchen cutting boards in electrolyzed oxidizing water could be used as an effective method for inactivating foodborne pathogens on smooth, plastic cutting boards.
Escherichia coli O157:H7 and Listeria monocytogenes are foodborne pathogens of major concern in the United States (2, 5) . A potential source of foodborne pathogens is cross-contamination from food preparation surfaces, kitchen cutting boards, and knives (14) . Improper handling of foods in homes is one of the major factors contributing to foodborne illness (4, 7) . Effective methods to reduce or inactivate pathogens on kitchen cutting boards can help to reduce the incidence of foodborne disease outbreaks. Methods for killing foodborne pathogens on food contact surfaces and appliances are necessary for establishing critical control points at homes, restaurants, and other food service units.
Electrolyzed oxidizing water (EO water) is the product of a new concept developed in Japan. Research carried out in Japan revealed that addition of deionized water containing sodium chloride (0.2%) to an electrolysis chamber, where the anode and cathode electrodes are separated by a diaphragm, and subjecting the water to electrolysis, imparted strong bactericidal and virucidal properties to the water collected from the anode (EO water). Water from the anode normally has a pH of 2.7 or less, an oxidation-reduction potential (ORP) of Ͼ1,100 mV, and a free chlorine concentration of 10 to 80 ppm (1, 12) . Previously, we also found that EO water was highly effective in killing E. coli O157:H7, Salmonella Enteritidis, and L. monocytogenes in pure cultures. The objective of this study was to evaluate the efficacy of EO water for reducing or eliminating E. coli O157:H7 and L. monocytogenes on unscarred, plastic kitchen cutting boards.
MATERIALS AND METHODS
Bacterial culture. A five-strain mixture of E. coli O157:H7 and a five-strain mixture of L. monocytogenes were used for the study. The five strains of E. coli O157:H7 were E06 (milk isolate), E08 (meat isolate), E10 (meat isolate), E16 (meat isolate), and E22 (calf feces isolate). The five strains of L. monocytogenes included LM ATCC 19117 (sheep), LM 101 (salami), LM 109 (pepperoni), LM 116 (cheese), and LM 201 (milk). Each strain was cultured individually in 100 ml of sterile tryptic soy broth (Difco, Detroit, Mich.) at 37ЊC for 24 h with agitation (150 rpm). Following incubation, the bacteria (100 ml) were sedimented by centrifugation (4,000 ϫ g for 30 min) in separate tubes and washed and resuspended in 10 ml of sterile 0.1% peptone water. The five strains of each pathogen (10 ml each) were combined and 50 ml of the suspension was used as the source of the inoculum. The bacterial population of the five-strain mixture of each pathogen was also determined by surface plating 0.1-ml portions of appropriate dilutions (0.1% peptone water) of the suspension on duplicate tryptic soy agar (Difco) plates and incubating the plates at 37ЊC for 24 h. EO water. EO water was generated using the Hoshizaki EO water generator (ROX 20TA, Hoshizaki Electric Company Ltd., Japan). The current passing through the EO water generator and voltage between the electrodes were set at 19.8 A and 10 V, respectively. A 12% solution of sodium chloride and deionized wa-ter from the laboratory supply line were simultaneously pumped into the equipment. The display indicator was activated and observed until the machine stabilized. The EO water was collected from the appropriate outlet in sterile 5-liter beakers for the microbial study. Samples for determination of pH, ORP, and free chlorine were also collected simultaneously. For the studies involving EO water at temperatures (35ЊC, 45ЊC, and 55ЊC) other than ambient (23ЊC), an external water pump (model FPOF360AC, Flotec, Inc., Delavan, Wis.) matching the capacity of the pump installed in the EO water generator was used to pump deionized water preheated to the desired temperature from a water bath (model 25, Precision Scientific, Chicago, Ill.) into the machine.
The pH and ORP of the EO water were measured immediately in duplicate samples using pH and ORP electrodes (AC-CUMET model 50, Denver Instrument Company, Denver, Colo.). Free chlorine was determined by an iodometric method using a digital titrator (model 16900, Hach Company, Loveland, Colo.). The assay was verified periodically using a 100 Ϯ 0.05-ppm chlorine standard solution (Orion Research Inc., Beverly, Mass.).
Kitchen cutting board. New (unscarred), plastic (polypropylene) cutting boards (WalMart Stores, Inc., Bentonville, Ark.) were used for the study. The boards were wrapped in aluminum foil and sterilized by heating in an autoclave. On each cutting board, a volume of 1 ml of bacterial culture (approximately 10 10 CFU of E. coli O157:H7) was applied and spread evenly on a 100-cm 2 area marked on the cutting board by a sterile, bent glass rod. Following inoculation, the cutting boards were dried under a laminar flow hood for 1 h at room temperature (23ЊC). Immediately after drying, two cutting boards were separately kept immersed in 2,000 ml each of EO water at a temperature of 23ЊC for 10 or 20 min, 35ЊC for 10 or 20 min, 45ЊC for 5 or 10 min, or 55ЊC for 5 min (treatment). Simultaneously, two inoculated cutting boards were separately immersed in 2,000 ml each of sterile deionized water (control) under the same conditions and durations described above. Immediately after immersion in the treatment or control water, the surviving population of the pathogen on each cutting board and in the soaking solution was determined. The population of bacteria was also determined on a separate inoculated cutting board not subjected to immersion in deionized or EO water to check the efficiency of inoculation (baseline reading).
The experiment for each temperature-time combination was replicated at least three times using duplicate samples for treatments and controls. The most effective and practical temperaturetime combinations from the above study were selected and they were evaluated for inactivating L. monocytogenes on cutting boards using the same protocols described above.
Bacteriological analyses. After immersion in the treatment or control water for the specified time and temperature, each cutting board was aseptically removed using sterile tongs and water was allowed to drain completely from the board. The inoculated 100-cm 2 surface area on each board was swabbed twice with two separate sterile cotton swabs from top to bottom and from right to left. The swabs were washed in 9 ml of sterile 0.1% peptone water. One milliliter of the washing peptone water was then serially (1:10) diluted with 9 ml of sterile 0.1% peptone water and 0.1-ml portions from appropriate dilutions were surface plated on duplicate tryptic soy agar plates. The colonies of bacteria were counted after incubating the plates at 37ЊC for 24 h. The population of E. coli O157:H7 or L. monocytogenes in EO water or deionized water after soaking the cutting boards was also determined by plating 0.1-ml portions from appropriate samples on duplicate tryptic soy agar plates.
A volume of 1 ml of the treatment or control water was also transferred to separate 250-ml Erlenmeyer flasks containing 100 ml of sterile tryptic soy broth and incubated at 37ЊC for 24 h. Following enrichment in tryptic soy broth, the culture was streaked on sorbitol MacConkey agar (Oxoid Division, Unipath Co., Ogdensburg, N.Y.) containing 0.1% 4-methylumbelliferyl-␤-D-glucuronide (Oxoid) (for E. coli O157:H7) and Oxford agar (Gene-Trak, Framingham, Mass.) (for L. monocytogenes), and the plates were incubated at 37ЊC for 24 h. Representative sorbitolnegative and 4-methylumbelliferyl-␤-D-glucuronide-negative colonies from the sorbitol MacConkey agar plates were then confirmed using the E. coli O157:H7 latex agglutination assay (Remel microbiology products, Lenexa, Kans.). The colonies of L. monocytogenes on Oxford agar were confirmed biochemically by API diagnostic kit (Biomerieux, Hazelwood, Mo.).
Statistical analysis.
For each treatment, the data from the independent replicate trials were pooled and the mean value and standard deviation were determined (13) .
RESULTS AND DISCUSSION
The mean pH, ORP, and free chlorine concentration of EO water at various temperatures are presented in Tables 1  and 2 . The mean pH and ORP of sterile deionized water were 7.1 Ϯ 0.15 and 355 Ϯ 7.0 mV, respectively. No free chlorine was detected in deionized water.
Inactivation studies of E. coli O157:H7 on cutting boards by EO water was temperature and time dependent ( Table 1 ). The mean population of E. coli O157:H7 recovered from the cutting boards following 1 h of drying after inoculation was 8.12 log CFU/100 cm 2 . Soaking of inoculated cutting boards in EO water at 23ЊC for 10 or 20 min decreased E. coli O157:H7 populations by approximately 5.0 log CFU and 6.0 log CFU/100 cm 2 , respectively (Table  1) . However, control cutting boards immersed in sterile deionized water at 23ЊC for 10 or 20 min yielded a mean population of 7.30 log CFU and 6.60 log CFU/100 cm 2 , respectively. At 35ЊC, E. coli O157:H7 counts on the cutting boards were reduced to Ͻ1.0 log CFU/100 cm 2 (detected by an enrichment procedure only) after 10 min of soaking, whereas soaking of boards for 20 min decreased the pathogen populations to undetectable levels (as determined by direct plating and enrichment procedures) (Table  1 ). However, the bacterial count on the control cutting boards soaked in deionized water was reduced only by 1.1 log and 1.2 log CFU/100 cm 2 after 10 min and 20 min of soaking at 35ЊC, respectively. Exposure of inoculated cutting boards to EO water at 45ЊC for 5 min resulted in greater than a 5.0-log CFU/100 cm 2 reduction in E. coli O157: H7 counts, whereas 10 min of soaking decreased the pathogen populations to undetectable levels (Table 1) . At 55ЊC, immersion of cutting boards for 5 min reduced E. coli O157:H7 levels to Ͻ1.0 log CFU/100 cm 2 . However, an average count of 7.0 log CFU/100 cm 2 was recovered from the cutting boards immersed in deionized water at the same temperature and duration.
Soaking of cutting boards in EO water at higher temperatures decreased the exposure time needed to achieve the same reduction in bacterial counts obtained with longer duration at lower temperatures. However, increasing the temperature (from 23ЊC to 55ЊC) of deionized water used for soaking the control cutting boards did not have any effect on the bacterial counts recovered from the boards. Irrespective of the temperature of exposure, soaking the cutting boards in deionized water resulted in only a 1.0-to 1.5-log CFU/100 cm 2 reduction in bacterial counts. An average count of 3.80 log CFU of the pathogen/ml was recovered from the deionized water (used for soaking the cutting boards), whereas no E. coli O157:H7 could be detected in EO water. From the above results, 23ЊC for 20 min, 35ЊC for 10 min, and 45ЊC for 10 min were selected for inactivation studies with L. monocytogenes on cutting boards. As observed in the studies with E. coli O157:H7, treatment of cutting boards with EO water at all temperatures substantially reduced the populations of L. monocytogenes in comparison with the counts recovered from the boards immersed in deionized water (Table 2 ). However, none of temperature-time combinations resulted in more than a 5.0-log CFU/100 cm 2 reduction in L. monocytogenes counts. This in part may be due to the lower levels of chlorine observed in the EO water used for the studies with L. monocytogenes. The mean levels of free chlorine in the EO water used for the experiments with L. monocytogenes were 72 ppm at 23ЊC, 66 ppm at 35ЊC, and 52 ppm at 45ЊC as opposed to the chlorine levels of 84 ppm, 88 ppm, and 90 ppm, respectively, in the EO water used for E. coli O157:H7. Although the EO water generator was operated at the same level of setting for free chlorine level for experiments with E. coli O157:H7 and L. monocytogenes, the machine consistently yielded lower levels of chlorine in the water used for studies with L. monocytogenes. As observed with E. coli O157:H7, a mean population of 3.80 log CFU of L. monocytogenes/ml was detected in the deionized water used for soaking the cutting boards, whereas the pathogen was undetected in the soaking EO water.
The ORP of a solution is an indicator of the ability of the solution to oxidize or reduce, with positive and higher ORP values correlated with greater oxidizing strength (6, 10, 11) . Aerobic microorganisms require for growth an optimum ORP of ϩ200 to ϩ800 mV, whereas an optimum range of Ϫ200 to Ϫ400 mV is favored for growth of anaerobic microorganisms (6) . Because the ORP of EO water in this study was greater than 1,100 mV, the ORP of EO water played a critical role in combination with low pH and free chlorine in killing microorganisms. Leyer and Johnson (9) reported that acid-adapted cells of Salmonella Typhimurium were more sensitive to inactivation by hypochlorous acid than nonadapted cells due to increased outer membrane sensitivity to hypochlorous acid. The low pH in EO water may sensitize the outer membrane of bacterial cells to the entry of hypochlorous acid into bacterial cells. Experiments are underway in our laboratory to determine the individual role of pH, ORP, and free chlorine of EO water in killing bacteria.
Because free chlorine is an important antibacterial element in EO water, studies were done to determine the survival of E. coli O157:H7 and L. monocytogenes in deionized water containing free chlorine concentrations (70 to 80 ppm) similar to those present in EO water. The reductions in bacterial populations observed were similar to those obtained with EO water. However, the effect of chlorine (hypochlorous acid) on bacterial pathogens is reported to be minimal especially in the presence of food or organic materials that are frequently present on kitchen cutting boards after use (3, 8) . Experiments to evaluate the effect of organic materials on the antimicrobial components of EO water are under study in our laboratory.
Results of this study revealed that immersion of kitchen cutting boards in EO water could be used as an effective method for inactivating foodborne pathogens on smooth, plastic cutting boards. The treatment of cutting boards in deionized water decreased the pathogens only by 1.0 to 1.5 log CFU/100 cm 2 . Further, E. coli O157:H7 and L. monocytogenes were not detected in EO water, whereas the pathogens survived in the deionized water used for soaking the cutting boards, thus representing a potential source of crosscontamination or recontamination in case the same water is used for soaking or washing cutting boards. Used plastic cutting boards are often scarred by knife edges and the scarred surface may protect bacteria from cleaning and san-itation procedures. Therefore, the efficacy of EO water for inactivating foodborne pathogens on used (scarred) cutting boards needs to be investigated.
